Serotyping forms the basis of all national and international surveillance networks for Salmonella. Public health microbiology is currently being transformed by high-throughput DNA sequencing, which opens the door to serovar determination using this powerful technique. Twenty-nine Salmonella isolates referred to the Public Health England between 1994 and 2004 for serovar identification were selected for this study, and they all presented with novel antigenic formulae.
INTRODUCTION
Salmonellosis continues to be a major public health concern worldwide. In the European Union, over 90 000 salmonellosis cases are reported every year, with around 8000 of these in the UK alone (Public Health England, 2014) . Classification and identification of Salmonella are complex and are mainly based on serological detection of antigens.
Serotyping has traditionally been considered as the gold standard method and is performed according to the WhiteKauffmann-Le Minor (WKL) scheme (Grimont & Weill, 2007) . This scheme identifies the somatic (O) and flagellar (H) antigens based on the agglutination of bacteria with specific antisera. This method has stood the test of time because it is applicable across all the Salmonella spp. and is widely understood. It also provides a user-friendly designation for taxonomic differentiation and pathogenic grouping. Despite its widespread use, traditional serotypic identification has a number of drawbacks limiting its full use to a small number of reference laboratories worldwide. Testing often takes !3 days, is expensive and laborious and requires specialist resources and technical expertise for the maintenance of >250 typing polyclonal rabbit antisera and reference strains. Moreover, the identification process by serotyping can be complex due to isolates that do not fully express their antigens or show new genetic combinations (Nair et al., 2014) .
Salmonella strains can be found in a variety of host species and can persist in the environment and also actively exchange genetic material (Andino & Hanning, 2015) . As such, we recognize around 10 Salmonella with new or novel antigen combinations each year in our laboratory alone. Additionally, we regularly identify Salmonella which are rough (autoagglutinating) or monophasic or express only a partial antigenic formula; these isolates cannot be assigned with a definitive serovar name and have to be given an indeterminate identification of Salmonella sp. together with their partial antigenic formula. It is possible that, accordingly, we are misinterpreting valuable phenotypic information and missing the identification of new Salmonella serovars, i.e. new types not published in the WKL scheme.
Genotypic identification methods are now used increasingly by both reference and diagnostic laboratories. They are being evaluated for their abilities to replace or complement traditional serotyping methods, although few of these studies have extensively compared performance on a broad range of isolates (Leekitcharoenphon et al., 2014; Ranieri et al., 2013) . Genotypic techniques generally use two categories of targets for serovar determination: (i) indirect targets, requiring the use of random surrogate genomic markers associated with particular serovars, and (ii) direct targets, requiring the use of genetic determinants of serovar, e.g. the rfb gene cluster responsible for somatic (O) group synthesis and the fliC and fljB genes encoding the two flagellar antigens present in Salmonella (McQuiston et al., 2004; Mortimer et al., 2004) . Efforts have been made to enable a variety of pathogen subtyping and characterization analyses through the use of sequencing data, such as multilocus sequence typing (MLST) (Nair, 2014; Achtman, 2012; Kidgell et al., 2002) . Recent advances in whole-genome sequencing (WGS) methodologies have resulted in the ability to perform high-throughput sequencing of bacterial genomes at low cost, making WGS an economically viable alternative to traditional typing methods for public health surveillance and outbreak detection (Ashton et al., 2015 (Ashton et al., , 2016 .
Routine and real-time implementation of WGS is now poised to transform public health microbiology. Beyond WGS of pure cultures, recent application of metagenome sequencing in diagnosis and outbreak investigation of infectious diseases (Shi et al., 2015) has demonstrated the potential for culture-independent detection of pathogens from complex clinical samples.
Here, we describe a process to confirm new type status for previously unknown Salmonella, which includes a range of biochemical tests, real-time PCR assays and MLST performed alongside traditional serum agglutination. Combined information from all these methods has enabled us to determine their classification within the genus Salmonella.
METHODS
Bacterial isolates. Twenty-nine Salmonella isolates referred to the Public Health England (PHE) between 1994 and 2004 for serovar identification were selected for this study. Each potential new type isolate was stored on microbeads at -80 C and recovered onto MacConkey agar before subsequent testing. The isolates were received from UK private and public diagnostic laboratories and were from both clinical and food sources.
Serotyping. Isolates were plated on semi-selective agar, and serotyping was carried out using specific rabbit antisera produced in-house. A modified in-house serotyping technique was used (Shipp & Rowe, 1980) , and initial results were confirmed by traditional methods (Kauffmann, 1966) . The antigenic structure was identified and confirmed according to the WKL scheme.
Biotyping/real-time PCR. All isolates were initially characterized by an in-house biochemical test array based on the methods described by Barrow & Feltham (1993) and organic acid utilization tests by the method described by Kauffmann (1966) . The isolates were latterly re-screened after the introduction of two in-house TaqMan ® real-time PCR assays for identification of the most common subspecies of Salmonella enterica (subsp. I and III) (Hopkins et al., 2009 (Hopkins et al., , 2011 .
Biolog. All isolates were processed by an automated phenotypic microarray system, Biolog ® . The Biolog GEN III MicroPlate was used to analyse each isolate in 94 phenotypic tests which generated a phenotypic profile for each organism. Biolog's Microbial Identification Systems software (e.g. OmniLog ® Data Collection) was used to identify the bacterium from its phenotypic profile (Paulsen & Holmes, 2014; Bochner, 1989 Bochner, , 2009 ).
DNA extraction. DNA was extracted from each culture using the Promega Wizard Genomic DNA Purification Kit in accordance with the manufacturer's instructions.
MLST and sequencing. MLST, the molecular typing technique of choice at the time of the initial analysis, was carried out as previously described including the partial sequences of the seven housekeeping genes (aroC, dnaN, hemD, hisD, purE, sucA and thrA) (Nair et al., 2014) . Alleles and sequence types (STs) were assigned according to the MLST scheme available at http://mlst.warwick.ac.uk/mlst/dbs/Senterica. Unknown alleles and related strain information were also submitted to the website for verification. These strains were also latterly re-sequenced by WGS in order to validate our earlier findings as described by Ashton et al. (2016) .
RESULTS
Twenty-nine isolates were chosen on the basis that they did not conform to a known antigenic structure as published in the WKL scheme at the time of isolation and that they were epidemiologically unrelated. However, because of the longevity of the study and problems with ambiguous serology results, seven of the serovars were subsequently shown to already exist in the recently updated WKL scheme (Table 1) . Serologically, the remaining 22 novel isolates were shown to belong to a diverse range of 14 WKL groups. The most represented was group C, with five isolates, and groups D, E, F, G and O each with two isolates. H antigens were equally heterogeneous.
The real-time PCR, targeting the Salmonella pathogenicity island 1-encoded hilA gene (which encodes an invasion gene transcriptional activator), verified that 18 of the strains were hilA+ confirming their identity as S. enterica subsp. enterica (previously known as subspecies I). Originally, inhouse biotyping was used to screen all isolates, and latterly, Biolog allowed us to confirm the early identities and reevaluate any ambiguous results. Of the remaining four isolates (hilAÀ and ttr+), Biolog confirmed them to be S. enterica subsp. salamae (previously subspecies II). Using a combination of Taqman PCR and Biolog, it was possible to confirm all previously equivocal identifications.
These 22 strains have now been confirmed as new types by the Pasteur Institute and have been assigned names in the WKL scheme (Issenhuth-Jeanjean et al., 2015) .
Furthermore, the sequencing data produced in this study have enabled MLST profiles to be assigned to 28 of the original isolates. These new profiles have been included in the Existing, Salmonella isolates already present in the WKL scheme. ST data were used to update MLST database.
*ST and MLST profile (concordant by both WGS MLST and traditional MLST).
†H040580251 is recorded as isolate S1 in the Warwick MLST Database. ‡H041200307 is recorded as isolate S2 in the Warwick MLST Database. §H045000667 is recorded as isolate S11 in the Warwick MLST Database.
updated WKL scheme and the current MLST database held at Warwick University, UK. The MLST profiles produced by traditional Sanger sequencing were in concordance with in silico MLST profiles obtained from WGS data.
Using a combination of all techniques described in this study, we were able to produce a unique profile for each Salmonella isolate (Tables 1 and S1 , available in the online Supplementary Material).
DISCUSSION
Classification and identification of Salmonella are complex and are mainly based on serological detection of antigens plus an array of biochemical tests. This makes the whole identification process laborious and tedious especially when strains do not fully express their antigens or have unique biochemical markers. Many methods have been developed and assessed for the subtyping of Salmonella. Each has a degree of advantage or drawback in terms of cost, speed, robustness and sensitivity (Wattiau et al., 2011 Until recently, the cost of WGS and the associated bioinformatics processing have been expensive and resource intensive. With the advent of improved WGS capacity and an efficient bioinformatics pipeline, the processing of sequence data to obtain final allele types can be done in a shorter amount of time with limited user input and an advantageous cost-benefit. It is also no longer necessary to sequence individual alleles as was the case historically with MLST. The combination of low-cost and high-speed WGS opens the opportunity for it to become a very useful and increasingly embraced technique (Luheshi et al., 2015) .
Indeed, since April 2015, routine WGS of all referred Salmonella isolates has largely replaced and enhanced traditional typing methods at the PHE. The Sanger sequencing described in this paper has now been superseded by an automated DNA extraction method in our laboratory and WGS by the specialized PHE Genome Sequencing Unit (Ashton et al., 2016) . Obtaining ST is relatively straightforward. An algorithmic pipeline has been developed that enables us to retrieve MLST data for serovar identification. It is possible to assign provisional STs to new Salmonella and add the relevant data to our PHE database before submission to the MLST database. When required, it is easy to share these data with our colleagues for confirmation. Our Characterization of new Salmonella serovars structured and automated approach to identification, where we have adopted a unique workflow combining traditional and molecular methods, has enabled us to obtain accurate, real-time results with minimal technical input (Fig. 1) . We have now adopted this protocol for confirming new type status for all in-house and WHO collaborating confirmation work. Our data are published in a format that allows a worldwide understanding and interpretation especially for those laboratories in the Salmonella domain. Our approach can be adopted for the identification of new variants of other micro-organisms. WGS has the power to rapidly detect new Salmonella serotypes and also allows us access to a host of additional genetic data including fliC, fljB and rfb genes from which we can confer antigenic status (Zhang et al., 2015) . Sequence data can also be used to consult online platforms such as SeqSero (Zhang et al., 2015) by which we can confirm phenotype. Single nucleotide polymorphism analysis for high-resolution typing can be acquired for evolutionary and phylogenetic studies as well (Ashton et al., 2015) . These methods enable us to define evolutionarily and epidemiologically meaningful groups of Salmonella which will provide important tools for public health and food hygiene purposes.
